Background--Currently, the decision to treat iliac artery stenoses is mainly based on visual inspection of digital subtraction angiographies. Intra-arterial pressure measurements can provide clinicians with accurate hemodynamic information. However, pressure measurements are rarely performed because of their invasiveness and the time required. Therefore, the aim of the study was to test the feasibility of a computational model that can predict translesional pressure gradients across iliac artery stenoses on the basis of imaging data only.
degree of the stenosis but tends to underestimate stenoses with a lumen diameter reduction of 50% or less and to overestimate stenoses with >50% diameter reduction. 6, 7 In addition, visual assessment neglects hemodynamic factors, such as the local pressure gradient and flow, whereas these factors are the major determinants for sufficient blood supply to the peripheral tissue.
Although severity assessment and treatment of equivocal stenosis are better diagnosed using invasive pressure measurements, 8 these measurements are not often performed, even though they result in more cost-effective 9,10 and favorable symptomatic outcomes 8 and are recommended by the guidelines. 5 As a consequence, a significant number of patients with PAD undergo an unnecessary percutaneous transluminal angioplasty procedure with or without stent placement. Conversely, stenoses with %50% diameter reduction or multiple serial stenoses with a diameter reduction of <50% can be hemodynamic significant and might remain unrecognized, hereby remaining an important source for the complaints of the patient. A tool that provides the interventionalist with an accurate patient-specific pressure gradient, without the need to perform invasive intra-arterial pressure measurements, could be a valuable contribution to the diagnosis and treatment planning of PAD. A computational model could replace the intra-arterial pressure measurements and aid diagnosis, just as it has shown potential for assessment of coronary stenoses. [11] [12] [13] The aim of this study was to test the feasibility of a modeling approach (ie, to assess its capability to patient specifically predict the translesional pressure gradient) under hyperemic conditions across equivocal iliac artery stenosis.
Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. The Medical Research Ethics Committee does not grant permission to share the data with others. In addition, the in-house developed finite-element solver (TFEM), which is required to reproduce the simulation results, cannot be made publicly available.
Study Design
This was a prospective, single-center, observational study. The study protocol was approved by the Medical Research Ethics Committees United, and all participants gave written informed consent.
Study Population
Patients at least 18 years old, with symptomatic PAD and single or multiple lesions of the common or external iliac artery, and with a peak systolic velocity ratio between 2.5 and 5.0 or a visual lumen reduction between 50% and 75% (assessed by preprocedural duplex ultrasonography) were asked to participate in this study. Patients with iliac occlusions, aneurysmatic disease, or dissections were excluded. Other exclusion criteria were renal insufficiency (estimated glomerular filtration rate, <30 mL/min per 1.73 m 2 ), acute ischemia, or iodine-based contrast media allergy.
Procedure Protocol
After introduction of a 6F sheath into the common femoral artery, 5000 U of heparin was administered. Next, 3-dimensional (3D) rotational angiography (3DRA) was performed, which replaced the 2 standard orthogonal 2-dimensional digital subtraction angiography projections. The location of the equivocal stenosis was determined by the interventionalist on the basis of visual inspection of the 3DRA. Subsequently, a fluid-filled catheter (FFC; 4F/65 cm/0.038; Cobra, Cordis, Switzerland) was inserted and zeroed to the atmospheric pressure. A pressure-monitoring guidewire (ComboWire 9515; Volcano Inc, San Diego, CA) was inserted through and placed at the tip of the FFC, for calibration. Because the temperature dependence of the pressuremonitoring guidewire could affect measurements, the calibration was performed after a pause of 2 minutes to prevent a temperature-induced drift. The pressure-monitoring guidewire and FFC were then advanced proximal and distal from the stenosis, respectively, at locations that were considered healthy vessel parts. Pressures were measured at these locations under hyperemic conditions, induced by administering 500 lg nitroglycerin through the FFC. Pressure signals were digitally stored on the ComboMap (Volcano Inc). For diagnosis, the pressure gradient was obtained in real time
Clinical Perspective
What Is New?
• This study is the first to demonstrate that hemodynamic significance of iliac artery stenoses can be determined using a patient-specific model that predicts the pressure gradient on the basis of imaging information only.
What Are the Clinical Implications?
• The model-predicted assessed pressure gradient across iliac artery stenoses can replace the expensive, time-consuming, and cumbersome task of performing intra-arterial pressure gradient measurements.
from the display of the ComboMap. Lesions were treated when the hyperemic time-averaged pressure gradient was >10 mm Hg. 8 For accurate comparison of the measured pressure gradient with the predicted pressure gradient and because peak hyperemia only lasts for a short period, the absolute time-averaged pressure gradient over the stenosis was also calculated off-line. The time-dependent pressure gradient was calculated by subtracting the distal pressure from the proximal pressure signal. Subsequently, the time-averaged pressure was calculated for every heartbeat. The peak hyperemic pressure gradient and associated SD were calculated by averaging 5 consecutive heart cycles at maximal hyperemia. These interarterial pressure measurements were used for validation of the calculated pressure gradients predicted by the model.
Model-Based Translesional Pressure Gradient Calculation
To assess patient-specific translesional pressure gradients under hyperemic conditions by computational modeling, 3 consecutive steps were performed: (1) geometry reconstruction, (2) application of boundary conditions, and (3) calculation of the translesional pressure gradient.
In the first step, the stenosis geometry is extracted from the 3DRA images ( Figure 1A and 1B) . Most stenoses have a complex geometry consisting of multiple diffuse constrictions, resulting in a complex lesion with spatially varying diameters ( Figure 1C ). These pathological vessel segments are evaluated in this study. Using XpertCT (Philips Healthcare, Best, The Netherlands), a 3D volume with a voxel size of 0.4790.4790.47 mm 3 was reconstructed from 121 projections of the patient's vasculature and stored as digital imaging and communications in medicine data. The digital imaging and communications in medicine data were imported in noncommercially available software package (Vessel Explorer; Philips Healthcare) to segment the pathological vessel segment. Subsequently, its 3D information was transformed to centerline coordinates with corresponding local radius by assuming circular cross-sectional areas, resulting in 2-dimensional axisymmetrical meshes.
In the second step, patient-specific boundary conditions are defined at the inlet, outlet, and wall of the segmented lesion ( Figure 2A ). At the vessel wall, we assume that no blood can pass through the arterial wall (impermeability) and that blood at the wall is stationary (no-slip condition; ie, ṽ ¼ 0½m/s). A free-outlet condition is described, which will not alter the absolute pressure gradient across the stenosis because the simulation is inflow driven. Unfortunately in the current workflow, no hyperemic flow measurement is available. Therefore, we based the patient-specific hyperemic flow on an empirical relation between the hyperemic flow and the neck of the stenosis ( Figure 2B ). 14, 15 Because there is no historical cohort available, we determined the empirical relation on patient data of all patients included, except for the one for whom we want to estimate the mean hyperemic flow. This was done by an inverse modeling approach, a widely applied engineering method to assess unknown variables by using a model and known measurements. Herein, the patientspecific geometry was used and known hyperemic flow (plug velocity profile 16 ) was applied at the inlet, which makes it possible to calculate a pressure gradient over the stenosis. The calculated pressure gradient was then compared with the true measured pressure gradient. When the calculated pressure gradient equals the measured pressure gradient, the prescribed flow is likely equal to the real flow. Subsequently, a linear regression was applied to the optimized hyperemic flow for all patients, except one (leave-one-out method; Figure 2B ). Given the minimal area at the neck of the stenosis of the patient under study, the hyperemic flow was estimated on the basis of the empirical relation of the other ones and applied as the inlet condition. This procedure was applied to every patient in our cohort. The third and final step is the actual calculation of the translesional pressure gradient. The pressure gradient over Figure 2 . A schematic representation of the mesh and performed leave-one-out method, which was assessed to calculate the patient-specific hyperemic flow. A, The boundary conditions applied to a patientspecific mesh. B, Schematically outlines the leave-one-out method. The hyperemic flow relation of the patient depicted in red was estimated using the data points of all patients but one (NÀ1), as enclosed by the red frame. The red data point that belongs to the patient depicted in red was not used in fitting the unique hyperemic relation. Subsequently, the derived relation (red line) was used to estimate the hyperemic flow for the patient depicted in red. The leave-one-out approach was conducted for every included patient (eg, the patient depicted in blue). It can be shown that, with increasing the number of patients, this approach becomes more accurate and converts to the population-averaged correlation (Data S1). the stenosis is assessed by applying the described boundary conditions and solving the Navier-Stokes equations for an incompressible newtonian fluid by using a finite element method. The model was implemented in the in-house developed finite element package TFEM (Eindhoven University of Technology, Eindhoven, The Netherlands). 17 The computational domain (stenosis geometry) consisted of 4000 rectangular quadratic (Taylor Hood) elements. A mesh convergence check showed that the error on the output of interest (Δp) was sufficiently small (error<5910 À1 %) to reach a stable and accurate solution. For time discretization, we applied the Euler implicit difference scheme with time steps of 2.5 ms.
Simulations were stopped when a steady solution was reached in all nodal points (j p
.01 mm Hg). The absolute pressure gradient over the stenosis was then calculated from the proximal and distal pressure field by averaging over the cross-sectional area at the sites where in vivo measurements were performed ( Figure 1D ).
Simulation Analysis

Accuracy of pressure gradient calculations
To determine the number of accurate patient-specific pressure gradient estimates, good agreement between the measured and calculated translesional pressure gradient was defined as an overlap of the error bars. The error bar represents the uncertainty on the calculated pressure gradient. The presented prediction uncertainty results from the uncertainty of the estimated hyperemic flow, as indicated by the red dashed lines in Figure 3 . The error bar on the measured hyperemic pressure gradient is the SD of the 5 averaged consecutive heart cycles at peak hyperemia.
Furthermore, the correlation between measured and calculated translesional pressure gradient was assessed by determining the R 2 with respect to the line y=x. For identifying the absolute bias between the in vivo measured and calculated translesional pressure gradient, the mean absolute difference and associated SDs were calculated. The agreement between the predicted and measured translesional pressure gradient was illustrated by a Bland-Altman plot.
Pressure gradient-based severity assessment
Measured and calculated hyperemic pressure gradients were stratified into 2 groups to assess the diagnostic value. According to the current guidelines, lesions were hemodynamic nonsignificant if Δp<10 mm Hg or hemodynamic significant when Δp≥10 mm Hg. 5 The diagnostic accuracy of the computational model was assessed by calculating the sensitivity, the specificity, the positive and negative predictive values, and the overall diagnostic value with their associated 95% confidence intervals (CIs). The 95% CI was calculated using the scoring method incorporating continuity correction.
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Results
Patient and Clinical Characteristics
Twenty-one patients (15 men) with a total of 25 lesions were recruited ( Table 1 ). The median age was 67 years (range, 44-79 years). The median pain-free walking distance was 140 m (range, 40-320 m). Median rest ankle brachial index (ABI) was 0.73 (range 0.37-1.17), which decreased during exercise to a median of 0.46 (range 0.18-0.89). Fourteen lesions were located in the common iliac artery, and 11 lesions were located in the external iliac artery. Quantitative analysis of the 3DRA showed a median stenosis severity of 51% (range, 30%-78%) and a median lesion length of 24 mm (range, 12-63 mm). In addition, 9 patients had significant superficial femoral artery stenosis (N=6) or occlusions (N=3) besides the identified iliac artery stenosis. None of the patients had a popliteal artery stenosis.
Quantitative Accuracy of the Calculated Translesional Pressure Gradient
For every lesion, the in vivo measured and calculated pressure gradients during peak hyperemia are shown in Figure 4 (green circles) using the patient-specific geometry and measured hyperemic pressure gradient. The correlation line fitted represents the population-averaged correlation using all study patients. The uncertainty (1 SD) of the correlation is indicated by the red dashed lines (Data S2). The circled patient is responsible for >60% of the residual sum of squares and, therefore, identified as an outlier (red circle). It can be shown that the same kind of relation holds for rest flow (yellow circles).
between the in vivo and calculated translesional pressure gradient after administration of a vasodilator was À0.9AE12.7 mm Hg (meanAE2 SDs), which can be seen in the Bland-Altman plot shown in Figure 5 . The R 2 between the calculated and in vivo measured hyperemic pressure gradient with respect to the line y=x was 0.81 ( Figure 6 ). It can be observed that the number of patients with a pressure gradient >40 mm Hg is limited. However, these lesions are of less interest because a large error on the pressure prediction will still likely indicate a hemodynamic significant stenosis (Δp≥10 mm Hg).
Severity Assessment of the Calculated Translesional Pressure Gradient
Lesions were assessed using our model and considered hemodynamically significant when the time-averaged pressure gradient was >10 mm Hg (Table 2) , as indicated by the dashed black line in Figure 4 . The model draws the same diagnostic conclusion in 22 of 25 lesions if compared with the intra-arterial measured pressure gradient, resulting in a sensitivity of 95% (95% CI, 76%-100%), a specificity of 60% (95% CI, 39%-78%), a positive predictive value of 90% (95% CI, 70%-100%), and a negative predictive value of 75% (95% CI, 53%-90%). The overall predictive value is 88% (95% CI, 68%-98%). On the basis of the in vivo measured hyperemic pressure gradients, 20 lesions were hemodynamic significant, of which 19 were treated. Although lesion 12 had a measured translesional pressure gradient of 12.1AE0.5 mm Hg, the interventionalist did not treat this lesion on the basis of visual assessment of the stenosis. 
Discussion
The aim of this study was to examine the feasibility of a computational model to predict the translesional pressure gradient across iliac artery stenosis under hyperemic conditions in an individual patient. The patient-specific geometry was obtained from 3DRA. During the same procedure, in vivo pressure measurements were performed to validate the predicted hyperemic pressure gradients, hereby avoiding possible bias introduced by disease progression. An empirical relation was derived to estimate the hyperemic flow lesion specifically. Study results show that the model is capable of calculating the hyperemic translesional pressure gradient over equivocal iliac artery stenosis patient specifically, by using 3DRA geometric input and the estimated hyperemic flow. Of 25 lesions, 21 showed good agreement (overlapping error bars) between the measured and calculated translesional pressure gradient. The model can distinguish between hemodynamic significant and nonsignificant lesions with 88% accuracy. In contrast, traditional modalities, such as peak systolic velocity ratios (measured by duplex ultrasonography) or geometry-based diagnosis (on the basis of visual inspection of digital subtraction angiography) had, compared with intra-arterial pressure measurements, a diagnostic accuracy of 77% to 81% 19, 20 and 71% to 81%, 20,21 respectively. The feasibility of the computational model was assessed for patients with isolated iliac artery stenosis and for patients with iliac artery stenosis who also had downstream lesions.
Advantages of 3DRA-Based Predicted Translesional Pressure Gradient
The computer model provides the interventionalist with a good approximation of the patient-specific estimate of the pressure gradient within minutes, using the already available vascular geometry and empirically estimated hyperemic flow.
The estimate of the pressure gradient can be obtained without performing any other measurements. Current results indicate that the computational model might be an aid to diagnose hemodynamic significant equivocal iliac artery stenosis during revascularization procedures, especially because only a few experts currently measure the hyperemic transstenotic pressure gradient in vivo. 3 One could argue that, after acquiring access with a sheath in the common femoral artery, it is easy to advance an FFC to the aorta and measure the pressure gradient proximally and distally of the lesion simultaneously under hyperemic conditions. However, placing a 4F or 5F catheter across a stenosis causes a significant overestimation of the pressure gradient. 22 Therefore, measuring pressure gradients using an FFC is a major pitfall and considered unreliable. Using the model, invasive pressure measurements can be left out, saving time and the necessity of using vasoactive drugs. When in doubt, one could just treat the iliac stenosis because of the excellent technical and clinical results 5 and the low complication rates. 23 Using the model in the decision-making process could increase assessment accuracy and, thereby, prevent unnecessary treatment, resulting in fewer balloons and stents being used and reducing costs.
Disadvantages of 3DRA-Based Predicted Translesional Pressure Gradient
A disadvantage of our approach is that the patient-specific geometry assessment still requires a catheterization at the angiosuite. As a consequence, patients who do not appear to have a significant stenosis on the basis of visual assessment of the angiography are still exposed to iodinated contrast and radiation; valuable time of the patient and operators is spent in the angiosuite. This stresses the need for a model based on noninvasive preprocedural geometrical information (eg, contrast-enhanced magnetic resonance angiography or computed tomographic angiography). The method is available, but the accuracy and applicability need to be determined before the model can be used in the diagnosis of equivocal iliac artery stenosis on the basis of preprocedural modalities alone. Another disadvantage is that axisymmetry was assumed, which neglects out-of-plane curvature. Therefore, the results presented are only validated for ordinary stenosis geometries and are unable to incorporate complex 3D geometries with flow patterns in 3 spatial directions (eg, vessel wall dissections [lesions 5 and 11]). Neglecting out-of-plane curvature might result in an underestimation of the calculated pressure gradient when compared with the actual pressure gradient. Moreover, because of the axisymmetry, no bifurcations can be incorporated and the pressure gradient can only be evaluated across a single-vessel segment.
The ability to simulate a complete vascular tree would allow us to investigate the relative contribution of multiple serial stenoses and virtually be able to evaluate different treatment strategies. For example, for a patient with multilevel disease, the outcome of treatment of the most proximal lesion, treatment of the most distal lesion, or even treatment of all identified lesions would allow us to select the treatment most beneficial to the patient. To incorporate multiple stenoses or bifurcations, 3D models are needed. Unfortunately, 3D models are computational expensive and take days to be evaluated. A more time-efficient approach could be used through coupling the purposed approach with a fast 1-dimensional pulse-wave propagation model. 24 The combination of a 1-dimensional model and our approach can simulate pressure and flow waveforms through a complete vascular network in real time while describing the complex hemodynamic behavior across stenoses.
Future Improvements
A first improvement is an improvement of the empirical relation of the hyperemic flow estimate. The rationale for this approach is based on the work of Kaufman et al and de Jong et al. 14, 15 Kaufman et al found that the degree of vasodilatorenhanced flow higher than baseline diminishes linearly with increasing stenosis severity, 15 whereas de Jong et al reported a linear relation between the minimal area at the neck of superficial femoral artery stenoses and the maximal mean hyperemic flow in dogs.
14 By using such a linear relation, we assumed the resistance at the neck of the stenosis to be the flow-limiting resistance. Hence, it is recognized that the calculation of the predicted pressure gradient might be unreliable in patients with a diseased microcirculatory system (eg, patients experiencing diabetes mellitus), because in those patients the peripheral resistance might become the flowlimiting resistance. The quality of this relation and its applicability might further improve if we include more patients in future studies (Data S1, Figure S1 ). A second improvement for calculating the pressure gradient can be made by improving the quality of angiographic data in case of either obese patients (lesion 10) or patients having severe wall calcifications (lesion 15). The accuracy of the computational model might be influenced by the lowquality input data in these cases. Magnetic resonance angiograms or dual-energy computed tomographic angiograms are less affected by arterial wall calcifications and are, therefore, considered good alternatives to be used in future studies. A third improvement might be to include collateral vessels that bypass the stenosis into the model. Because collateral vessels contribute to the distal perfusion pressure, their presence might result in overestimation of the predicted pressure gradient. However, it is expected that this will only occur in a few patients with equivocal stenosis because collateral vessels are mostly observed across severe stenosis (>80% lumen area reduction). 25, 26 Finally, the total number of lesions evaluated in this study is limited. Although patients were selected on the basis of equivocal stenoses (duplex ultrasonography, 50%-75% diameter reduction), the number of lesions with a hyperemic translesional time-averaged pressure gradient between 5 and 15 mm Hg was limited (N=12). These lesions cause most doubt about the need for revascularization and are, therefore, of greatest clinical interest.
To investigate the true diagnostic value of the proposed approach, a second study has been initiated (DETECT-PAD study II, Dutch Trial Registry NTR6476) that aims to enlarge the study cohort by including another 50 patients. In addition, the ability of magnetic resonance angiography (N=25) and computed tomographic angiography (N=25) to replace 3DRA will be explored on their feasibility to be used as a basis for the pressure gradient calculations. Enrollment for participants in this second study is open.
Conclusion
This is the first study performed on iliac artery stenoses, evaluating the prediction of predicted translesional pressure gradient. We tested the feasibility of a patient-specific computational model and showed that the predicted translesional pressure gradient had good agreement with the in vivo measured pressure gradient (84%). Hemodynamic significant iliac artery stenosis (Δp≥10 mm Hg) can be identified with 88% accuracy. The model will be adapted to the applicability of a preprocedural imaging modality and will be optimized with more patients in future studies.
